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After a brief introduction, the results of application of the heavy quark effective
theory to semileptonic decays of B mesons are discussed. A nearly-model-independent
extraction of {V.| from data is described. Application of the effective theory to inclusive
semileptonic decays of heavy mesons, to semileptonic decays of heavy baryons, and to
the nonieptonic decays of hadrens are outlined. We conclude by mentioning other areas
of research in this very active field.

I. PRELIMINARIES

One of the main thrusts of experimental particle physics at present is the de-
termination of the parameters of the standard model, as precision measurements
of these parameters are essential for our understanding of this model, and for
identification of possible new physics. Among these parameters, the elements
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix are very important for our
understanding of the origin of CP violation, for instance. These matrix elements
may be measured in processes in which the charged currents of the electroweak
inferaction come into play.

The most problematic aspect of these measurements results from the fact
that, while we are interested in the electroweak transitions between quarks of
different flavors, what we observe are the transitions between hadrons containing
these guarks. We know that the theory that describes the binding of quarks
within hadrons is quantum chromodynamics (QCD). We also know that, at the
energy scales in which we are interested, namely the energy scales appropriate
for binding quarks in hadrons, the coupling constant of QCD is large, so that
any perturbative treatment is invalid. Unfortunately, we do not yet know how to
construct a non-perturbative treatment of QCD.

The implication is that the extraction of the CKM matrix elements from
experimental measurements is difficult. Until recently, the most common means
of extracting these elements relied on the construction of specific models for the
form factors describing the processes of interest. This necessarily introduced
some model-dependence in the values extracted. With the advent of the heavy
quark effective theory, the situation has improved. somewhat.

The heavy quark effective theory (HQET) [1-4] is an effective theory that
arises in a specific limit of QCD. This limit is that in which the mass of one
of the quarks in a hadron is taken formally to infinity. In this limit, two new
symmetries, above and beyond those usually associated with QCD, arise. These
two symmetries are a spin symmetry and a flavor symmetry. It is very important
to emphasize that these are symmetries of the light component of the hadron, the



so-called brown muck. In the formal limit, the heavy quark inside the hadron
acts as an essentially static source of color, moving with fixed four-velocity.

The spin symmetry means that the properties of the brown muck are inde-
pendent of the spin orientation of the heavy quark. This is very much analogous
to the situation in quantum electrodynarnics (QED) in the hydrogen atom, where
the electronic spectrum (the spectrum of the light component) is largely indepen-
dent of the spin orientation of the nucleus, the proton, say. Flipping this spin
leads to the well known 21 ¢m line in the hydrogen spectruin, and corresponds
to an energy of ~ 107° eV, compared with the typical speciral energy of ~ 1 eV.

One immediate consequence of the spin symmetry for QCD is the existence
of degenerate multiplets of states. For brown muck with spin j, there are two
possible hadronic states with J = j 1/2. At leading order in HQET, these
two sets of states are degenerate. Thus, the heavy pseudoscalar mesons (B, D
are degenerate with their respective vector counterparts (B*, D*}, as are the
baryons Eq and Lo (Bg = {(99):Q)y 2, X5 = [(¢9)1Q]s/2). Furthermore, the
splitting between these pairs of states can only arise at order 1/mg. This has
long been thought to be a quark-model result (arising from one-gluon exchange,
{or example). Here we see that it is a QCD result, with no input from models.
In addition, the spin-1/2 Ag (Ag = [(99)0Q]1,2) is special, as the spin is carried
exclusively by the heavy quark, and this state is alone in its heavy multiplet.

The flavor symmetry implies that the properties of the brown muck are in-
dependent of the flavor of the heavy quark. Again, the analogy one may use
nere is that of the hydrogen atom, in which the electronic spectrum 1s largely
independent of whether the nucleus is a proton, a deuteron, a triton or even a
muon. For QCD, this symmetry implies that the spectra of hadrons containing
b and ¢ quarks should be very similar.

Of course, in the real world, we do not have quarks that are infinitely heavy.
We may choose to treat the b and ¢ quarks as heavy. However, it is clear that
we must take finite mass effects into account, especially for the ¢ quark. HQET
provides the framework for doing this systematically. It also allows us to include
QCD radiative corrections in a systematic way.

II. A LITTLE FORMALISM
A. The Lagrangian

Consider a heavy quark € with mass mq. In order to construct an effective
theory in the formal limit mg — ©0, we must redefine quantities that contain

explicit reference to the mass of the quark. In particular, quantities that scale
with the mass of the quark will become formally infinite. We begin with the
momentum of the quark Py, which we write as

Pg:mqv"‘+k‘”. (1)

v* Is the four-velocity of the quark, which is the same as that of the hadron. Since
the velocity has no reference to the quark’s mass, it is the kinematic variable of
choice in the effective theory that we construct. The first term of eqn. (1)
clearly scales with the quark’s mass, while the second term does not. This latter
term is a measure of how far off its mass shell the quark is, and is the resuit
of interaction with the brown muck of the hadron. It is also of the order of
the energy scale appropriate to the brown muck, which is a few hundred MeV.
Note that since mg — oc, a change in the velocity of the heavy quark requires
an infinite momentum change. Thus, heavy quarks of different velocities do not
communicate, leading to what is termed a ‘velocity superselection rule’ (2]
The part of the QCD Lagrangian that describes the quark field is

Lo =Q(H —mq)Q. (2)
We define a new heavy quark field

1+
2

HP() = D)+ 170, 1) = (L) exp aimov - mQta). )

in terms of which the Lagrangian above becomes
£ =ik} @y paHD 4 (@ D@, (4)

A9 describes quarks while 7Y describes antiquarks. Since mg — oo, it
requires an infinite amount of energy to create a QQ pair, so that we need consider
only heavy quarks (or antiquarks) from this point on. Note, too, that the effective
Lagrangian of eqn. (4) is written for a quark traveling with a particular velocity.
The full Lagrangian of HQET must therefore include a sum over all possible
velocities [2], as there is an independent quark field associated with each velocity.

In addition, this Lagrangian no longer has any reference to the quark mass.
Thus, if we have more than one flavor of quark for which we can take the Hmit
mg — o0, the contribution to the HQET Lagrangian from each quark flaver will
have a form identical to that of eqn. (4). This is the way in which the flavor
symmetry becomes apparent. We emphasize that this is quite different from the
flavor symmietries with which we are familiar, such as 5U(2) and SU(3) symme-
tries for the u, d and s quarks. In the latter cases, the (approximate) symmetry



exists because the quarks are (nearly) degenerate. In the case of HQET, there
need not be any approximate degeneracy for the flavor symmetry to exist. All
that is required is that for the heavy flavors, the condition mg » Aqcp must be
satisfied.

The spin symmetry is also apparent from this Lagrangian, as there are no
Dirac y-matrices present. This means that at leading order, heavy quark inter-
acttons with the gluons occur only through the color-Coulomb interaction, and
that interactions that can flip the spin of the heavy quark can only appear at
higher order in the 1/m expansion.

One may think of the effective theory as one in which we expand the prop-
agator of the heavy quark (and other operators) in powers of 1 /mg. Beginning
with the full propagator,

_ i(Hq—mq)
5S¢ "W, (5)

and substituting eqn. {1) for the momentum, we find that the leading term in
the propagator in the effective theory is
i
Sog=—. 6
Q=7 (6)

Similar expansions for heavy quark operators must be carried out. Consider the
vector current

Véep = @'7Q. (7
At leading order, and ignoring QCD radiative corrections, this becomes
Vifger = RZ 1y, hQ). (8)

At order 1/mg, the expansions for the heavy quark field, Lagrangian and
charged vector current yield

Q= ¢ imavE [1 + ,;i] h{9, (9)

mQ

. . 1
£ = i@ . DR 4 %%hg@ _[(ip)2 - -Q—QJHUG“””T“:I ALY, (10)

-0 |
ViiqeT = hff? ) ['n.  Zmo 117] ). (11)

B. Perturbative QCD

So far, we have made no mention of QCD effects. Let us now consider sorme
operator (such as the vector current) in the full theory. In the effective theory,
this operator is expanded in powers of the perturbative parameter of the effective
theory, 1/mg. In the full theory, such an operator will receive corrections from
QCD loops. Of particular interest are loops in which the momentum of at least
one of the gluons is comparable to the mass of the heavy quark. Clearly, from the
way in which we have constructed the effective theory, the effects of such loops
can not be reproduced in the effective theory. Recall that our starting point is
eqn. (1), in which k,, which is a measure of the momentum of the gluons that
interact with the heavy quark, is much smaller than the mass of the heavy quark.
Fortunately, using the machinery of perturbative QCD and the renormalization
group equations, such loops can be taken into account.

To llustrate how this works, let us sketch the steps involved in the construc-
tion of an effective theory with two heavy quarks, b and c. At energy scales u
above my, neither of these quarks is heavy, so we have no choice but to use full
QCD. At 1 = m;, we can integrate out the b quark and at scales my > p > m,
for instance, we can write down the expressions above for the & quark field, La-
grangian and propagator in the effective theory. However, these expressions are
valid at tree level. At one-loop level, at the energy scale u < nm, the expression
for the Lagrangian, for instance, becomes

£ = ih{Py . DR

+ ﬁﬁff” [al(;u)(fD)2 - %MQU#VG“””TGJ 2, (12)
with
0
ar(p) = (%l) ! (13)
ax(u) = (—_“;3(33)) S (14)

Ny is the number of quark flavors appropriate to the momentum interval between
p and my. Note that both a; and ay become unity at the matching scale j = my,
ay trivially so. The vector current is similarly modified if we match at the one-
loop level, as an additional operator enters the picture. The new form of the
charged vector current is obtained by making the replacement



ay(my)
6r

Wi (15)

Yo = Tu —

In addition, the current acquires a multiplicative factor

ﬂa(mb))_“_‘%wf 16
( G’,([J) . (16)

At the scale m,, the charm quark is integrated out, and the effective theory
contaming heavy b and ¢ quarks is matched onto that containing the heavy &
quark, at the scale 4 = m,. The charm part of the Lagrangian becomes the
analog of eqn. (12). The additional complication of having two heavy quarks in
the theory implies that operators that involve both flavors of heavy quark are
special. For example, the new form of the charged vector current requires the
replacement

) Za,{m,)
i [1 T

——ljﬂ—ln [v-v'+\/(v-v’)2—1,. (18)
(v- v’)“‘ -1

In addition, the vector current picks up the multiplicative factor

r{v - v’)ﬁ] Yus (17
with

rly-v') =

8fv-v'r(v-w'}—1

(a‘%’)_r (Bd) (19)

Thus, if we are interested in the matrix elements of some operator (3 involving
heavy quarks, matching of the effective theory with the full theory means that
we obtain the expression

%
<O)QCD =Co (OU)HQET + Eé‘ (Ol)HQE’I‘ T (20)

The operators O; are those that arise in the 1 /mg expansion of @, and the coef-
ficients C7 are, in general, dependent on the scale appropriate to the expansion.

C. States

We must also redefine the heavy hadron states with which we must deal. The
usual normalization of a meson state |M (p)) is

(M) M(p) = 26°(2m)% (F - }?") . @1)

We define the meson fields lM(u)) of HQET as

[#100)) = —= M), (22)
so that
(M@ )l M(-u)) = 2%(27)%8° (3’ _ ?) . (23)

In the case of a baryon [ﬁ(v, s)>, the normalization in HQET is

<f\(v', s')

A(v,5)) = v(2m)e? (? - 5’) b (24)
In the heavy-quark limit, we note that the mass of the hadron, M, 18
My, =mg + K, (23)

where A is determined by non-perturbative dynamics, and is of the order of a few
hundred MeV. At leading order in HQET, the hadron is therefore degenerate with
the heavy quark that it contains. Note that the heavy flavor symmetry implies
that if there are two heavy quarks in the effective theory, then for hadrons with
the same quantum numbers, A is independent of the flavor of the heavy quark.
Thus, one would expect that, at leading order

A= Mg, — Mg = mHQ, - mge. (26}

III. EXCLUSIVE SEMILEPTONIC DECAYS OF MESONS

Consider the semilepionic decays B — D4y and B — D€, both of which
proceed via the vector current ¢y,b and the axial-vector current €vaysd. Using



Lorentz covariance alone, the matrix elements of these currents may be described
tn terms of six form factors as

(D(v') [eyubl B(v)) = mpmp [E4(w)(v + V') +E_(w)(w = v')u],  (27)

(D7 (¥, €) [ev,b] B(v)) = in/mpmpefv(w)eupape v v, (28)
(D"(v', ) |évuysb| B(v)) = /mpmps [€4,(w)(w + 1)e,

— Ea{W)e” vy — Eay (W)€ - V)Y, ], (29)

It

where w = v - o',

These form factors represent all our ignorance of non-perturbative QCD effects
in the binding and interactions of the mesons. They are unknown functions of
the kinematic invariant g2 = (mpv—mp)v')?. Furthermore, the normalizations
of these form factors are unknown. Thus, if we are to use the measured decay
rates of the above processes to extract V,,, some set of ansdize have to be made
for the &;.

If we now apply the symmetries of HQET, we find that all six form factors
may be written in terms of a single form factor {1], £, with

€~ =€a, =0, (30)
Er =6y =€a, = €4, =€ (31)

The kinematic dependence of £ on w is still unknown. However, the symmetries
of HQET also allow us to absolutely normalize this form factor at the so-called
non-recoil point, v = »'. There, £(w)|w=1 = 1, where w = v . v’ is the new
kinematic variable. £ is the so-called Isgur-Wise (IW) function.

¢ is a universal form factor. This means that for any pseudoscalar meson
consisting of a heavy quark and a light antiquark (or vice versa) decaying into
another heavy pseudoscalar or its companion vector meson, via a heavy-quark
current, the IW function is the same as the one above. This is a consequence of
the flavor symmetry discussed in the previous section. We note also that the IW
function would be the same for processes mediated by heavy-quark currents with
different Lorentz and Dirac structure.

The normalization of the IW function at the non-recoil point is easy to un-
derstand intuitively. Since the heavy quark acts as a static source of color, all
of the QCD dynamics involved in the form factor comes from the brown muck.
In fact, the IW function s just the overlap of the appropriately boosted initial
and final state wave functions of the brown muck. At the non-recoil point, where
both initial and final wave functions are boosted identically, this overlap is unity.

Now that we know the normalization of the IW function, we can examine the

quantity

tim e 8 = CF iy )P < Vel = O (32)
w—1 My)2 Jldw  4n3 o ‘ !
in B — D*fv. In this expression, everything on the right-hand-side, with the
exception of |V,| is known. Thus, this offers a means of extracting |Vs] from
measurements of the differential decay rate, in a model-independent way [5].

However, if this quantity is to be determined with precision, we must take
into account that ¢ and b quarks have finite masses. This is done by including
1/m corrections. Since m. = 1.5 GeV, and f\/mc 7z 0.3, these corrections are
potentially large. In addition, QCD radiative corrections should be included.
In principle, all of this will complicate matters, as one would expect that new,
uncalculable and unnormalizable form factors will enter the picture. This is in
fact the case, in general [6]. However, at the so-called non-recoil point (ie., at
v = '), the 1/m_ and 1/my corrections to the normalization of the IW function
vanish, a consequence of Luke’s theorem [6]. Thus, the leading power corrections
are of order 1/m?.

The corrected value of £4,(1) is

Ear(1)=ma +bmz (33)
with

a’s(mc) - Q’;(mb) _ 80.’3(_?'11,:}

na(1} = £%/25 [l+1.561

T 3r

25 14 -9/25 1 —-12/25 8
i {54 A TEE

- 2
_a’s(m) z In z] , (34}

T -z V
a,(mc) me -

= \ = —, me <m < my.

O’a(mb) my

The three terms above arise from radiative corrections {3,4]. The first of these
is due to running between m; and m, while the second arises from integrating
out the b quark at the scale my, matching the effective theory to full QUD at
order 1/my, running down to m,, integrating out the ¢ quark, and matching
at the scale m.. The third term arises from following a similar procedure, but
integrating out the b and ¢ quarks simultaneously at some scale m. This gives
the full z dependence, but at the cost of a scale ambiguity.

Note that there are no 1/m corrections, which is a consequence of Luke’s
theorem. The 1/m? corrections have the form [7]



. 1 1 £y fp A
02 = — _— = ]
™y ('Z"rnc "th,) (ch me) + dm, my (35)

The coefficients ¢p 1 are related to matrix elements of the vector current at zero
recoil,

) 1 1\?
{D{v) ey, b B(v)) = 2y, [1 —£ip (ch - %) +.. ] . (36)
1 1)?
(D™(v,¢) [eyubl B(v,e)) = 2nv, [1 -ty (ch - E) + .. J ) (37}
with
_ 20’3(”%) 14 ~8/25 —12/25
The coefficient A may be written
1, , o 4

where the parameter A, is defined by

RONiD)?h(®

(B(v) B(v)> =2\ Ms. (40)

The 1/m? corrections have been estimated to be anywhere between 3% and —8%.

Experimentally, the quantity on the left-hand-side of eqn. (32) is obtained
by measuring the decay rate as close as possible to the kinemat.c end-point, and
extrapolating to the kinematic end-point. The process of extrapolation introduces
some uncertainty, as a specific form for the IW function must be assumed. Figure
1 shows the results from the CLEO collaboration (8], using two different kinds of
extrapolation,

éw) = lmag(w— 1)+ b(w ~ 1)2, (41

to fit the data. Fits are performed requiring b = 0 (linear fit) and allowing &
to float (quadratic fit). With the quadratic fit, large statistical errors on the
parameters a and & are obtained, indicating that the data are not sufficient to
discriminate between the two forms for £(w).

The result obtained by CLEO from the various fits is

[Vesl€a, = 0.0351 £ 0.0019 (stat.) + 0.0018 (sys.) £ 0.0008 (lifetime). (42)
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FIG. 1. The product |Ves|€4,(y) as determined in the CLEO fits. The dotted lines
show the contours for 1o variations of the fit parameters,
Using Neubert’s estimate for the normalization of €4, [9], they find
|Ves| = 0.0362+ 0.0019 (stat.) + 0.0020 (sys.) £ 0.0014 (model), (43)

where the last uncertainty arises from the parametrization of the IW function,
and the uncertainty in the lifetime has been included in the systematic error for
{Vesl-

IV. INCLUSIVE DECAYS

The formalism outlined above may be easily extended to other semileptonic
decays of B mesons, such as decays to excited [** resonances [10]. In fact, exper-
imental observations indicate that decays to such inelastic channels are important
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in explaining the observed inclusive semileptonic decay rate of the B meson, as
the elastic channels (1, ") account for only about 60% of the inclusive semilep-
tonic rate [11].

The inclusive decays have been treated in two ways. In one approach, the
inclusive rate may be written as the sum of decay rates into exclusive final states.
Within the framework of HQET, the decays to excited states are easily treated.
The lowest lying excited states are expected to be the ;¥ = 1/2% (0%, 1)
and ¥ = 3/2% (1%, 2%) multiplets, corresponding to the P-wave mesons. The
semileptonic decays of the B meson to the states of each such multiplet are
described in terms of a single form factor, analogous to the IW function for the
etastic channels {10,12]. As with the elastic IW function, these form factors are
universal and uncalculable. Unlike the elastic IW function, their normalizations
are unknown.

By expressing the rate for the inclusive semileptonic decay as a sum over
exclusive final states [13], the sum rule

1= (“’“)ne(wn +( w-l)ZK )

]+ (a1)

)|

+ 2

gne| @1y

is obtained {14]. £"}w) are the IW functions for decays into the radial excita-
tions of the ground state pseudoscalar and vector mesons. The ellipsis denotes
contributions from other resonances as well as from the continuum. By the con-
tinbum we mean contributions from processes like B — Dy, where the pion
does not result from the decay of a D** resonance. Note that this sum rule is
valid throughout all of the kinematically allowed region.

if we now focus on the region near the non-recoil point, and expand all of the
IW functions in Taylor series around v-v' = 1,

§w)=¢) ~ (w-1EN)+ -, (45)

ve obtain the relation

E(1)~—+Z[

‘here the last inequality resulis since the- terms in the summations are all
ositive-definite. Thus we have a limit on the slope of the IW function. The
1] relation above (egn. (44)) can also be used to extract constraints on the IW
wction itself. Neglecting ail but the first term on the RHS leads to

2 2
€ 1)| + E;{,r;;(l)‘ ] 40> 14, (46)

2 ,
S sV (47}

which, however, is not very restrictive. De Rafael and Taron {15], along with other
authors [16], have used the analytic structure of £{w) in the complex-w plane,
together with a perturbative calculation, to extract more stringent constraints
on the IW function. Eqn. (44) has also been used to test models of the TW
function [17].

Alternatively, the inclusive decay rate may be treated in the operator product
expansion (OPE) {18,19]. Let us consider the decays B -— Xfv, where X may or
may not be charmed. The inclusive decay rate may be written in terms of the
hadronic tensor W, (g, v), where

Wulg.v)= Y f(?w)4é4(PB ~g— Px)
-~

< B)l(b7a(t = 1)DIX >< X[ @n (1 - 3)0) B > . (48)
If the leptonic spins are unobserved, the lepton tensor is
Ay = 8 (kuktl 4 KLk, ~ g (KR} 4 feuyapk k) | (49)

and the differential decay rate in the rest frame of the decaying B meson is
GQ
dl = —E V3 P W (k + k', 0)AP [ PS), (50)
imp

where d(PS) is the phase space integral.
Using standatd techniques, the hadronic tensor is rewritten

Win(g o) = [ dtae'®
< < BBl - 25)ale D@00 (1 = 1MONB) > (5D

This hadronic tensor may be described in terms of a set of scalar form factors.
We now consider the time ordered product

T (g.v) :]di‘ze"”

x < BT [(b{z )7, (t — 75)a(@ D014 (1 — 15)8(0))] 1B(v) >, (52)

which may also be written in terms of a set of scalar form factors. The form
factors of W, may be related to the discontinuities of the form factors of Ty,
and it is the object T, that s treated in the OPE in powers of 1/m,.
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FIG. 2. The epton energy spectrum df/éf'ex 10" of the inclusive semileptonic decay
v ;oo . . . .
8 — Xce7p.. The curves are: (a) full result including long- and short distance
contributions; (b) Result without short distance QCD corrections: (¢} leading order

result, i.e. the parton model result.

The leading term in this OPE corresponds to the semileptonic decay of a free
b quark. HQET and the OPE allow corrections to this Hmit to be systematically
included, and the inclusive lepton spectrum that results from the calculation of
Mannel [19] is shown in figure 2.

V. NONLEPTONIC DECAYS

The nonleptonic weak decays of hadrons are very difficult to understand. The
factorization hypothesis has been used in studying some of the nonleptonic decays
of mesons. The work of ref. {20] has gone some way in establishing the usefulness
of this approximation from a purely phenomenoclogical standpoint. In contrast
with this is the formal basis of the approximation which, until the advent of
HQET, has relied mainly on large N, arguments where N, is the number of colors.
As is well known, such arguments are not always trustworthy phenomenologically.

These arguments have been elaborated in the work of Bardeen, Buras and
Gérard [21]. Using an effective meson theory that reflects the large N, limit
of QCD, they argue that matrix elements for nonleptonic decays do indeed fac-
torize, at least to lowest order in 1/N,. They also discuss next-to-leading order
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contributions in the 1/, expansion, as well as QCD scaling of operators to order
1/N..

As an example of the application of the factorization hypothesis, let us con-
sider the decay B — D*7x~. One assumes that

< D7|01|B >x< Dijy|B >< #|3j0 >, (53}
where j, = ¢l'u¢’ = ¢7u(1 — 75)¢’ is the left handed current, and
O} = bT cal*d. (54)

(O, is a term in the effective low-energy Hamiltonian for weak interactlions,
Heps = %—%Vcb ViaOr + ... . When QCD effects are taken into account, mixing
between this operator, which is of dimension 6, and other dimension 6 operators,
is induced. For instance, at some new energy scale, the operator

O = ujtcbj,d, (55)

will play a role.

An intuitive justification of factorization comes from color transparency ar-
guments [22]. These arguments have been used to explain features of nuclear
scattering experiments. They assume that only the valence Fock component of
a hadron’s wave function with small transverse size of order 1/Q (Q is the mo-
mentum transfer in the process) contributes to an exclusive amplitude at high
momentum transfer. This component of the wave function has a small color
dipole moment and thus has a strong-interaction cross section of order 1/Q°.
For the nonleptonic weak decays, this means that an energetic color singlet pair
of quarks produced from a virtual W will propagate through the surrounding
hadronic matter essentially unperturbed: to leading order in 1/Q, the ampli-
tudes for nonleptonic decays faciorize.

More recently, Dugan and Grinstein [23] have formulated a QCD basis for
factorization in the decays of heavy hadrons. Their argument is limited to a
specific class of decays, in which the pair of quarks produced from the virtual W
are very energetic and highly collimated. Using the framework of HQET, coupled
with a ‘high-energy’ expansion, they show rigorously that the matrix elements
of the operator Oy are suppressed by powers of 1/my, 1/m, or 1/E, where F
15 the total energy of the light quark pair produced from the virtual W. This
means that to leading order in 1/F, factorization holds. They proceed further in
evaluating the logarithmic corrections to the coefficient of ;. These corrections
lead to a final form



1 (a,(Mw)) —12/23 (a_’,(mb))_n’l%

3 o (my) ol (E)

42 (a_s(Lw))ﬁ’” ( “;(mb)) ~a/2s ( o (E) )
3\ eslm) «,(E) o (m.)
x (“—aéfzi)) %Vcbvu'd(DUHB)(WIJ’“IO), (56)

valid if £ >> m,, while for m; >> E, the expression is

1 (a,(!Ww))_12/23 (ai(mb))—l2/25

3 Q’e(mb) ai(mc)
2 [ Mw)\* /o (my)\ "
*3 ( o () ) (a:(mc))
3.;,("1_°) alg’i * (Dl T|q#
X (O,;I(#) ) \/Q‘Vcbvua‘ (D IJ.ulB>( |5 |0) (57)

a,, ay and o are the values appropriate to a theory with 5, 4 and 3 flavors of
quarks, respectively, and

<D7TIHE_”|B> 1

(D:reref_dB) =

ar=-8/25  ar= v vr(y-v)- 1), (58)

with

1
Y —— ( ' )2 - .")_
r(v-v') mln Vie- v ~14v-v (59)
# is a low energy scale at which the dynamies is described by HQET. Note that
the heavy quark current in eqn. (56) corresponds to the effective current of
HQET.

Application of factorization to the two-body nonleptonic decays of B mesons,
for instance, leads to predictions such as

s ()

Experimental results are more or less consistent with these predictions, so far

[24].

I(B — Dr~)

'T(BE= D) & (60)
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VI. Ap — Ac EXCLUSIVE SEMILEPTONIC DECAYS

Consider Ay — A.fv. By Lorentz covariance alone, the matrix elements of
the left handed current are written as

(Ac(p’) ,E7M (1 - 75) bl Ab(P)) = ﬁ(p’) {(fl‘?’,u + ifZ(T,uuqu + f39u)
= {911 +19200.¢" + 73, 15] u(p). (61)

Using the symmetries of HQET, at leading order, we find [25-27]
(Ae(2) [vu (1~ 75) bl Ap(®)) = @)y, (1 — 75) u(¥)niw), (62)

where 7j(w) is the baryonic version of the IW function. As with the mesons, it
is a universal, uncalculable function of w. In addition, this form factor is also
normalized at the non-recoil point, with g(w)].=1. If we compare eqns. (61} and
(62}, we find that -

fi=g1 =7, (63)
fo=g92=fa=ga=0. (64)

The first of these equations implies that G4 = Gy for these decays.
As with B decays, we can write

i 1 4r Gt
by ron o PR P
Everything on the right-hand-side, except for |V,4], is again known. Thus, ob-
servation of the elastic semileptonic decays of the A, will lead to a second, inde-
pendent, model-independent. determination of Vol As with B decays, there are
radiative and power corrections to 5(1). Luke's theorem again means that the

first power corrections appear at O(1/m?).
For the nonleptonic decay Ay — A, the decay rate may be written

(ma, —ma ) mi_ Vol In(w = 1)I? (65)

I'=Ty [1-%—&(5',\,,-!-5",\:) p—ﬁP(S‘AE X JSA'A;,)
+ (L=7)8u, - BSa. - P+ 48, 6n.], (66)

where .§Ab and .Sﬂ',\c are unit vectors in the directions of polarization of the Ay and
A., respectively, and P is a unit vector in direction of motion of the A, in the
rest frame of the parent A;. The predictions of HQET coupled with factorization
arethat a=—land =% =0 [28].



VIL A: — A EXCLUSIVE SEMILEPTONIC DECAYS

HQET may also be applied to A, semileptonic decays, where it is tound that
[27]
{A(P) 1570 (1 = 75) ] Ac(v))
= a(p') [F1{v - p') + $Fa(v - p)] 7 (1 = 75) u(v). (67)
For these decays, the normalization of neither F; nor Fy is known. This is because
we no longer have a symmetry between the initial and final states: the s quark
in the final A 1s not being treated as a heavy quark, so that the flavor symmetry

discussed in the preliminaries no longer exists.
Nevertheless, the form above yields G4 = Gy, and

MA,

Fy, (68)
1

m,\b

hi=g=F+

ma,

fo=fa=g=gs= Fy. (69)
Note that this form is valid for the semileptonic decay of any heavy Ag to any
JP = 1/2* baryon, such as A. — nfr or Ay ~ pfr. The form above leads to
the prediction as, = ~1, where @y, 1s a polarization variable appropriate to the
semileptonic decay of the A,. ARGUS has found that op, = —0.913+049 in
Ac — Aly, while CLEO has found ey, = —0.891317+9.0% [29] hoth consistent
with the prediction of HQET.

As with the A,’s, we may employ the factorization assumption in applying
HQET to the process A, — An. The predictions there are that o & -1, f=9=
U. This is quite a striking prediction, as we do not know the normalizations of the
form factors Fy and F,. Nevertheless, this prediction can be made, independent
of these unknown normalizations. Experimentally, ARGUS finds & = —0.96 +
0.42, while CLEO has measured @ = —1.1 # 0.4 [30], both consistent with the
prediction.

Consideration of the A, semileptonic decays leads to a very important im-
plication for Ay — A, semileptonic decays. In the case of the latter, we expect
the leading corrections to all predictions to be O(A/m.) ~ 30%, which is sig-
nificant. Let us now imagine treating the charm quark as a light quark. Then,
the results of eqns. (67) - (69) must hold. Now, we revert to treating charm
as heavy, and perform the expansion in 1/m,. The results of eqns. (67) - (69)
must still hold, since these result from an all-orders calculation in 1/m,, 1n some
sense. This means that the predictions f; = ¢, ap, = —1 etc., are valid inde-
pendent of 1/m, corrections, and will hold to alf orders in the 1/m, expansion
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[31}. Furthermore, these predictions will receive no radiative corrections that are
proportional to powers of a,(m.), as the results of eqns. (67) - (69) do not receive
such corrections (since the ‘light’ charm quark is not integrated out).

VIII. MISCELLANY

The subjects discussed above are but appetizers from the smorgasbord of
topics treated in HQET. Space limitations do not allow us to treat any of the
remaining topics in a similar fashion, which was already quite cursory. To give
the reader a flavor (or taste) of what else has been done in HQET, we conclude
with a sampling (somewhat random) of subjects.

A, Strong Decays

Consideration of the symmetry structure of the HQET multiplets allows us
to infer relationships among the decay rates for the strong decays of the states of
one multiplet to thase of another, with emission of a common daughter hadron
such as a pion. For instance, let us consider ** — D, where D** denotes
the states of the ¥ = 1/2+ (0*, 1*) multiplet. The four decays 0* — D,
0t — D*x, 1¥ — Dr and 1t — D*7 are described in terms of a single unknown
constant, so that ratios of the decay amplitudes can be predicted [32]. We can
also deduce that the states of the ¥ = 1/2% multiplet will be broader than those
of the j¥ = 3/2% multiplet.

These results may also be obtained in the framework of chiral perturbation
theory (CPT) [33-35]. In the marriage of HQET and CPT, the transformations
of the multiplets of degenerate heavy hadrons under chiral rotations is easily
specified, so that couplings to pions, for instance, can be treated.

B. B — DUlrgp

The inelastic channels apparently contribute significantly to the inclusive
semileptonic decays of the B meson [11]. Perhaps the simplest inelastic chan-
nel to treat theoretically is B — D(*)xfr, where the pion may or may not result
from the decay of D** resonance. This process has been discussed by a number
of authors [36-39]. In all of these articles, the theoretical framework is the com-
bination of HQET and CPT, so that pions in the decay are soft. The authors
of refs. [36]- [38] have considered the contributions arising from figure 3, along
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FIG. 3. Diagrams contributing to B — Drfp. The dashed line represents the pion
and the dotted line denotes the virtual W.

with similar diagrams containing a D~ in the final state, while the authors of ref.
[39] have included diagrams in which the intermediate states may be from any of
the (07, 17), (0%, 1%), (17, 27) or {0~, 17)" multiplets. The states in the last
multiplet are the first radial excitations of the ground states. The results from
all of these analyses indicate that the contributions from the inelastic channels
considered are of the order of 1% of the decay width of the B meson.

C. Meson Decay Constants

The charged pseudoscalar and vector mesons may decay purely leptonically
(B'*)~ — b, for example), and the matrix elements for the decays are

(01g7u (1 = 7581 B(v)) = fampu,, (70)
(OW'Y::(I_'YS)HB*(U:EJ) = fpampec,. (71)

with similar expressions for the charmed mesons. The meson decay constants fg
and fg- are important parameters for the calculation of B— B mixing amplitudes.
Leading order HQET predicts that

20

fue

» =1, (72}

Including radiative corrections modifies the leading order predictions to [9]

fp

_ 20‘,(1’11,5)

=1 —-7 T4
bz, 3 _ (74)
{8 _ [mp (9—-(1’1—)) ’ [1 4+ 0.89a%e M) Zos(mi)] oo (75)

fo mp \ a.(my) ™

Power (1/mgq) corrections can also be systematically included [9].
D. Reparametrization Invariance
The relation

PCS = mQ'U'u + k4 (76)

for the momentum of the quark is one of the key points in the development of
HQET. In this expression, the velocity of the quark inside the hadron has been
identified with that of the hadron itself. However, there is no reason why some
other velocity, w = v + ¢/mg, say could not be chosen. Here, g is of the order
of A, and is subject to the constraint 2v - g+ ¢°/m, = 0. This ensures that
v? = w? = 1. We can therefore write the momentum of the heavy quark in two

equivalent ways as
PS = va'u + EF = me” + k™ (77)

with &' = k—gq. The effective theories constructed using v and w must lead to the
same results. In other words, the effective Lagrangian must be invariant under
the reparametrization of eqn. (77). The implications of this cancept have been
explored [40]. One profound consequence is that in the heavy mass expansion, one
can find relationships among the coefficients of operators that arise at different
orders in 1/mg.
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E. Miscellaneous Miscellany

There are many more aspects of HQET that have not been discussed. We
conclude by running through a list of topics which space does not allow us to
discuss, but only to mention. In addition to the sum rule obtained by Bjorken
and collaborators, there is the optical sum rule obtained by Volushin [41], as well
as the Mossbauer type sum rule of Lipkin [42]. The inclusive semileptonic decays
have been treated by a number of authors [43]. Using the operator product
expansion, the authors of ref. [44] have suggested that the inclusive semileptonic
decays can be used for a model independent determination of [Vl

HQET has also had much interplay with many other areas of hadron spec-
troscopy, including lattice calculations, relativistic and nonrelativistic guark mod-
els, and QCD sum rules. All of these approaches have been used to calculate the
properties of heavy mesons such as their masses, decay constants and form fac-
tors {9]. The rare and nonleptonic decays of heavy hadrons, the fragmentation,
hadronization and polarization of heavy quarks produced in collider experiments,
and the use of heavy quarks Lo test the standard model and seek new physics
have all received sonie attention in the literature. Both experimentally and theo-
retically, much is being done to test the predictions of HQET, and to delimit its
range of applicability. It is safe to say that this field will remain very active for
some time to come.

ACKNOWLEDGEMENT

The author thanks the organizers of Physics In Collision for their hospitality,
and for a very stimulating conference. Thanks ga to A. Freyberger of the CLEQ
group for supplying CLEQ data and for use of figure 1, and to T. Mannel for use
of figure 2.

(1] N. Isgur and M. Wise, Phys. Lett. B232 (1989) 113; Phys. Lett. B237 (1990) 527,
B. Grinstein, Nuct. Phys. B339 {1990} 253; T. Mannel, W. Roberts and 7. Ryzak,
Nucl. Plys. B368 (1992) 204,

[2] H. Georgi, Phys. Lett. B240 (1990} 447,

(3] A F. Falk, H. Georgi, B. Grinstein and M. Wise, Nucl. Phys. B343 (1990) 1.

[

b

{4] A. F. Falk and B. Grinstein, Phys. Lett. B247 (1990) 406; A. F. Falk, B. Grinstein
and M. Luke, Nucl. Phys. B357 (1991) 185; A. F. Falk and B. Grinstein, Phys.
Lett. B249 (1990) 314.

[5] M. Neubert, Phys. Lett. B264 (1991) 455.

[6] M. Luke, Phys. Lett. B252 (1990) 447."

[7] A. F. Falk and M. Neubert, Phys. Rev. D47 (1993) 2965; Phys. Rev. D47 (1993)
2982,

(8] B. Barish et al., CLEO Collaboration, CLNS-94-1285, 1994,

{9] M. Neubert, to appear in Phys. Rep.

(10] A. F. Falk, Nucl. Phys. B378 (1992) 79.

[11] H. Albrecht et al., Phys. Lett. B324 (1994) 249; 3. Henderson, et al. Phys. Rev.
D45 (1992) 2212.

(12] T. Mannel and W. Roberts, Z. Phys. C61 (1994) 193.

[13] J. B. Bjorken, I. Dunietz and J. Taron, Nucl. Phys. B371 (1992) 111.

(14] N. Isgur and M. Wise, Phys. Lett. B254 (1991) 215.

[15] E. de Rafael and 1. Taron, Phys. Lett. B282 (1992) 215; Phys. Rev. D50 (1994)
373.

[16] C. A. Dominguez, J. G. Korner and D. Pirjol, Phys. Lett. B301 (1993) 257; A. F.
Falk, M. Luke and M. B. Wise, Phys. Lett. B299 {1993) 123; B. Grinstein and P.
F. Mende, Phys. Lett. B299 (1993) 127; C. E. Carlson et al., Phys. Lett. B299
{1993) 133.

[17] A. Wambach, OUTP-93-28P, 1993; F.E. Close and A. Wambach, Nucl. Phys. B412
(1994) 168.

{18] A. F. Falk, Z. Ligeti, M. and Y. Nir, Phys. Lett. B326 (1994) 145,

(19] T. Mannel, Nucl. Phys. B413 (1994) 396; T. Mannel and M. Neubert, submitted
to Phys. Rev. D.

[20] M. Bauer, B. Stech and M. Wirbel, Z. Phys. C34 (1987) 103.

{21] W. A. Bardeen, A. J. Buras and J.-M. Gérard, Phys. Lett. B180 {(1986) 133; Nucl.
Phys. B293 (1987) 787; Phys. Lett. B192 (1987) 138; Phys. Lett. B211 (1988)
343.

[22] S. J. Brodsky in Proceedings of the Third Lake Louise Winter Institute, Quantum
Chromodynamics: Theory And Ezperiment, Lake Louise Canada, edited by B. A.
Campbell et. al., World Scientific, New Jersey, 1988,

[23] M. Dugan and B. Grinstein, Phys. Lett. B255 (1991) 583.

(24] L. Montanet et al., Phys. Rev. D50 (1994) 1173.

[25] N. Isgur and M. Wise, Nucl. Phys. B348 (1991) 276.

(26] H. Georgi, Nucl. Phys. B348 (1991) 293.

[27] T. Mannel, W. Roberts and 7. Ryzak, Nucl. Phys. B355 (1991) 38.

(28] T. Mannel, W. Roberts and Z. Ryzak, Phys. Lett. B259 (1991) 485; Phys. Lett.
B255 (1991) 593.

(29] H. Albrecht et al., Phys. Lett. B326 (1994) 320; T. Bergleld et al., Phys. Lett.
B323 (1994) 219.

(30] H. Albrecht et al., Phys. Lett. B274 (1992) 239; P. Avery et al., Phys. Lett. B325

23



(1994) 257.

[31) T. Mannel and W. Roberts, Phys. Rev D47 (1993} 4963.

(32] N. Isgur and M. Wise, Phys. Rev. Lett. 66 (1991) 1130.

33] J. Goity, Phys. Rev. D46 (1992) 3929; Phys. Lett. B303 {1993) 337.

[34] M. B. Wise, Phys. Rev. D45 (1992) 2188; G. Burdman and J. F. Donoghue, Phys.
Lett. B 280 (1992) 287; T.-M. Yan et al., Phys. Rev.D46 {1992) 1148; J. F.
Amundson, et al., Phys. Lett. B296 (1992) 415; L. Randall and M. Wise, Phys.
Lett. B303 (1993) 135; A. F. Falk and M. Luke, Phys. Lett. B202 (1992) 119.

(35] H.- Y. Cheng et al., Phys. Rev. D46 1992 1148; Phys. Rev.D49 {1994) 2490; Phys.
Lett. B333 (1994) 514; Phys. Rev. D49 (1994) 3854,

[36] H.-Y. Cheng et al.,, Phys. Rev.D48 (1993} 3204.

[37] C. L. Y. Lee, M. Lu and M. B. Wise, Phys. Rev. D46 (1992) 5040.

(38] C. L. Y. Lee, Phys. Rev. D48 (1993) 2141).

[3¢] 1. Goity and W. Roberts, submitted to Physical Review D.

{40] M. Luke and A. Manohar, Phys. Lett. B286 (1992) 348; M. Neunbert, Phys. Lett.
B306 (1993) 357.

[41] M. B. Voloshin, Phys. Rev. D46 (1992) 3062.

(42] H. J. Lipkin, Phys. Lett.B308 (1993) 105.

[43} J. Chay, H. Georgi, B. Grinstein, Phys. Lett. B247 (1990) 399; 1. Bigi, N. Uraltsev,
A. Vainshtein Phys. Lett. B293 {1992) 430; B. Blok and M. Shifman, Nucl. Phys.
B399 (1993) 441, 459; 1. Bigi, B. Blok, M. Shifman, N. Uraltsev, A. Vainshtein,
The Fermilab Meeting Proc. of the 1992 DPF meeting of APS, C.H. Albright et
al.. Eds. World Scientific, Singapore, 1993, vol.1, p. 610; [. Bigi, M. Shifman, N.
Uraltsev and A. Vainshtein, Phys. Rev. Lett. 71 (1993) 496; B. Blok, L. Koyrakh,
M. Shifman, A. Vainshtein, Phys. Rev. D49 (1994) 3356; A. Manohar and M. Wise,
Phys. Rev. D49 (1994) 1310.

[44] B. Blok and T. Mannel, CERN-TH.7308/94, unpublished.

24

25



